INTRODUCTION
High damping structural materials have the potential to greatly reduce vibration and noise in many types of mechanical systems. There are currently few effective methods to damp longitudinal vibrations in mechanical systems. Conventional damping treatments which are effective on flexural vibrations do not effectively attenuate longitudinal vibrations because the damping material is not in the path of these vibrations Fabrication of machinery systems from high damping material would be productive but most structural materials, while having excellent stiffness and strength, possess poor damping properties. Conversely, polymers with very high damping capacities have neither the strength nor the stiffness for use as structural DTRC-SME-91/15 I materials. Thus the search for high damping structural materials has increasingly focused on composite materials.
Ceramic reinforced aluminum alloys exhibit a unique combination of properties not found in monolithic aluminum alloys. The addition of high modulus ceramic particles to conventional aluminum alloys results in increased strength, elastic modulus, wear resistance, as well as other desirable engineering properties. In general, factors which increase stiffness in a given alloy system also lower the damping capacity. These composites were examined to determine the effect of the ceramic reinforcement on the damping capacity and stiffness of the alloy system.
EXPERIMENTAL PROCEDURE
The two Al-Si-Mg matrix composite systems studied were the wrought alloy 6061-T6 with 0 to 0.2 volume fraction of A120 3 particles and the foundry alloy A356-T6 with 0 to 0.2 volume fraction of SiC particles. These materials were processed by incorporating either silicon carbide or alumina particles into molten aluminum alloys A356 and 6061 respectively. The particles were wetted by the molten aluminum by vigorously agitating the melt under vacuum.
Once the ceramic particles are wet and uniformly distributed in the molten aluminum, the composite is then cast into its desired shape. This process is simpler and less costly than previously developed techniques for manufacturing metal matrix composites such as powder metallurgy, thermal spray, diffusion bonding, and squeeze casting, all of which are more energy or labor intensive. Table 1 shows the nominal compositions of these alloys. The A356 aluminum matrix composite is used primarily as foundry ingot where it is remelted and cast to near net shape components such as pistons, brake rotors, and golf club heads. The 6061 aluminum matrix composite is direct chill cast into billet and then extruded into shapes such as truck rails, driveshaft tubing, and bicycle rims.
The A356 aluminum matrix damping specimens were machined from sand cast 12mm x 35mm x 90mm rectangular bars. The bars were solution heat treated at 540"C for 12 hours with a subsequent water quench. The 6061 aluminum matrix damping specimens were direct chill cast into a 170mm diameter billet which was then extruded into a 18mm x 75mm rectangular bar. This material was then solution heat treated at 560"C for 2 hours with a subsequent water quench. The bars of the A356 and 6061 aluminum matrix were then machined into 1mm x 5mm
x 35mm damping specimens and aged at 160"C for 24 and 16 hours respectively to reach the T-6
or peak hardness condition.
The samples were photographed at a magnification of 250x and hardness test were performed before and after the damping measurements in order to ascertain changes in the microstructure due to thermal cycling. Volume fraction and particle density measurements for each material were taken using a LECO 300 Metallograph at a magnification of 250x and a Bio Scan Optimas image analyzer. Twenty fields were taken and then averaged to determine relative volume fractions of each material. Image analysis was performed on the actual samples used for damping measurement in order to account for any inhomogeneities in the materials.
The damping capacity and storage modulus was measured with a Polymer Laboratories Dynamic Mechanical Thermal Analyzer (DMTA) using a fixed-guided cantilevered test configuration. In this configuration, shown in Fig. 1 , the clamp on the left holds the sample to a stationary frame while the right clamp attaches the sample to the controlled drive shaft. When the samples are not firmly held, erroneous damping measurements may result due to slip between the sample and clamps. In order to minimize such errors, three-pronged clamps were used. A torque wrench was used to tighten the clamps in order to achieve consistent clamping.
DTRC-SME-91/15 3 and E' on temperature was determined by vibrating the samples at 160 microstrain (maximum)
while ramping the temperature 1*C per minute from -10 to 250"C and continually alternating the frequencies.
The values of E' were corrected to account for error which arose from end-effects at the clamping point of the beam. These effects are due to the uncertainty in the point at which the metal starts to bend in the grips. These "end corrections" are based on the measured modulus and are calculated from an empirically generated curve. Corrections to the tan 6 values were made to account for the friction between the air and the moving sections of the DMTA, including the sample, as the sample was vibrated. The correction factor is frequency dependent and for measured values of the loss factors below 0.01 it was necessary to correct the 10 Hz data.
This was done by averaging the loss factor data values over a temperature range in which tan 6 was nominally flat. The average of the 1 Hz tan 6 data was then subtracted from the average of the 10 Hz tan 6 data and that number was subtracted from the uncorrected 10 Hz tan 8 values.
RESULTS
Photomicrographs of the unreinforced, 10 and 20 volume percent A1 2 0 3 reinforced 6061 aluminum shown in Fig. 2 and the unreinforced and 20 volume percent SiC reinforced A356 aluminum shown in Fig. 3 show that the distribution of Mg2Si is uniform in the 6061 aluminum matrix while primary silicon is found at interdendritic areas in the A356 aluminum matrix. This variation in distributions is due to the differing fabrication methods. These photographs are of the samples after damping tests had been performed. There was no difference between the 4 DTRC-SME-91/15 microstructures of the samples before and after the damping tests based on the hardness measurements.
The results of the quantitative image analysis are presented in Table 2 . These results
show that the volume fraction of particulates in the samples did not widely differ from the nominal volume fraction. The samples containing a larger volume fraction of particulates also contained larger diameter particles. The number density of the particulates decreased with increasing volume percent therefore the surface area of the particulates did not increase proportionally to the volume fraction. In fact there was little difference in the surface area density of the three reinforced samples. particles is plotted against the storage modulus in Fig. 4 . The loss factor in homogeneous rheologically simple material is a single valued function of storage modulus independent of the frequency and temperature at which the measurements were taken. This is the case for the three materials at low temperatures, however above 100*C the data is no longer single valued because there is a separation in the data taken at different frequencies. This is the result of the matrix softening with increasing temperature which slightly changes the particle-matrix interaction [1] .
The curves are smooth, which indicates an absence of systemic error in the DMTA, but the scatter increases with increasing ceramic content. The modulus is greatly increased when A1 2 0 3 is added and the damping capacity also increases. The damping capacity and storage moduli of DTRC-SME-91/15 5 the 6061 aluminum matrix composites is plotted against temperature in Figs. 5 and 6. There is a distinct low temperature peak in the damping capacity of the monolithic sample which is also present in the data from the reinforced samples at lower temperatures although it is somewhat obscured by the scatter in these samples. The reinforced samples have a higher loss factor than the monolithic material with the difference increasing with increasing temperature. The damping capacity is decidedly frequency dependent above 100°C with the lowest frequency resulting in the highest loss factor. The loss factor of the 6061 aluminum matrix never exceeds DTRC-SME-91/15
where k is Boltzmann's constant, T is absolute temperature, A is the mean spacing between pinning points, L is the mean spacing between grain boundary dislocations, 13 is a geometric constant, G is the shear modulus, Q is the vacancy volume, Db is the grain boundary diffusion rate and b is the grain boundary thickness.
Bhagat et al. [8] report a loss factor between 0.0015 and 0.0025 for 6061 aluminum below 1000 Hz measured using the logarithmic decrement technique. This value is about half of the value measured in this study but generally the logarithmic decrement technique results in a conservative value.
Particulate Reinforced Aluminum
Conflicting opinions presently exist with regard to the damping of particulate reinforced aluminum. Improved damping is often reported in trade journals as one of the attributes of this ceramic reinforced metal matrix composite, e.g. ref. [9] . However, the mechaihism associated with the improved damping has not been fully investigated.
As mentioned above and illustrated in Figs. 5 and 8, the damping capacity is decidedly frequency dependent over only part of the temperature range measured. In the frequency insensitive range the particulates raise the damping capacity only slightly over that of the matrix.
In the frequency dependent range the damping capacity is greatly increased over that of the matrix. These two phenomena are described separately below.
Frequency insensitive range
Wolfenden et al. [10] reported a loss factor of 0.0005, 0.0009 and 0.0014 for A357 with 10, 15 and 20 v/o SiC particulate reinforcement respectively. The measurements were made at 100 kHz using the PUCOT. The trends of Wolfenden's data is similar to the results of this study in the frequency insensitive part of the curve. In [1 the damping is attributed to the high concentrations of dislocations near the Al/SiC interfaces. Thermal stresses at the interfaces are induced on cooling the metal matrix composite and these stresses generate large numbers of dislocations. From Table 3 it can be seen that there is a larger mismatch in the coefficients of 8 DTRC-SME-91/15 thermal expansion in 6061 aluminum-A1 2 0 3 system than in the A356 aluminum SiC system.
However, damping is not a linear function of dislocation density. In fact Ledbetter et al. [11]
reported a loss factor of 0.000075 for 6061 aluminum containing 30 v/o SiC measured at 90 kHz using the PUCOT. The low value of damping was explained by the pinning of the dislocations which could then only contribute slightly to internal friction.
Kinra [12] showed that in heterogeneous materials such as metal matrix composite a thermoelastic damping contribution may be realized from the interface between the metal matrix and the reinforcing ceramic phase. The thermoelastic contribution is local to the interface and is higher in the ceramic. This effect is a function of the area of the interfaces as well as the amount of difference in the density, coefficient of thermal exoansion and specific heat per unit mass of the matrix and the reinforcement. The values for those quantities are listed in Table 3 . Unlike classical thermoelastic damping, the damping due to heterogeneity uniformly decreases with increasing frequency. The damping at a single interface of aluminum and A1 2 0 3 in tension was calculated at 100 Hz by Kinra. The loss factor was 0.0002 in the aluminum and 0.0079 in the A1 2 0 3 at the interface. The damping drops off quickly away from the interface. Based on the values in Table   3 , 6061 aluminum with added A1 2 0 3 should exhibit about the same damping as the aluminum-A1 2 0 3 system and A356 with SiC should have slightly less damping. Therefore in theory, some DTRC-SME-91/15of the increased damping at low temperatures with increasing ceramic content is attributable to this effect.
Frequency dependent range.
The formulation in equation 1 of the grain boundary relaxation is of particular interest because it may be extended and applied to interfaces in heterogeneous solids. Particle effects on the grain boundary relaxation peak would suggest that the second phase interface simply affects the local dislocation density [13] . Thus the relaxation time is anticipated to decrease and the damping peak is expected to shift to a lower temperature. Additionally, as in all thermally activated relaxations, an increase in the frequency shifts the peak to higher temperatures as is observed in our data.
In Mori et al. [14] it was shown that the relaxation time is proportional to the grain size and that particles in the grain boundary lower the temperature of the internal friction peak by shortening the relaxation time by a factor of (1+nar/X 2 ). Here a is the grain boundary radius, r is the average radius of the particles in the grain boundary and k is the interparticle spacing. Thus the ceramic particles lower the temperature at which the grain boundary relaxation occurs and the damping capacity of the composites are higher than the monolithic material at temperatures below the grain boundary relaxation peak. This effect is largest for large closely spaced particles and does not depend on the composition of the particle.
Bhagat et al. [15] reported that a SiC particulate reinforced Al-Cu alloy exhibited a damping peak at 1318 Hz with 0.035 loss factor. The measurements were made on a freely decaying cantilever beam vibrating in its primary bending mode. This represented a two fold increase in damping over similar unreinforced alloys; however, the peak could not be resolved in the data for the monolithic alloy. The trend of Bhagat's data is similar to the results of this study in the frequency dependent region.
Classic thermoelastic damping arises from non uniform strain in a material either due to bending or non-homogeneous material. In SiC is 0.0007. The improved damping was qualitatively explained as a result of thermoelastic damping. It happened that the SiC composite was an optimal thickness for thermoelastic damping whereas the unreinforced alloy was not. At frequencies where thermoelastic damping was negligible there was no difference in damping between reinforced and unreinforced aluminum. In our study the thickness and the thermal properties of our materials was sufficiently similar to avoid complications of this kind.
CONCLUSIONS
Addition of A1 2 0 3 to 6061 and SiC to A356 aluminum produces a composite with increased modulus. The amount of increase in stiffness is not a linear function of the ceramic content but rather the majority of the stiffening effect is achieved by the initial addition of ceramic.
The damping capacity of the composites is higher than the monolithic material due to the increase in dislocation density, heterogeneous thermoelastic damping, and lowering of the grain boundary relaxation temperature in the matrix.
The methods to optimize these effects are clearly documented in the literature. The damping due to dislocation increase is optimized by maximizing the mismatch of the thermal expansion coefficient between the matrix and reinforcement phase. The damping due to heterogeneous thermoelastic damping is maximized by choosing the matrix and reinforcement phase with widely different thermal properties and by maximizing the surface area of the reinforcement. The damping at room temperature due to the lowering of the grain boundary relaxation temperature is greatest when the grain boundary damping peak is lowered to room temperature. The effect of the particulates on the temperature of this peak is greatest with large closely spaced particles.
High damping structural materials can be achieved by suitably designing particulate reinforced metal matrix composites.
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